By using network observation of subionospheric VLF (very low frequency)/LF (low frequency) signals in Japan and in Russia, we have found a significant ionospheric perturbation prior to the recent 2011 March 11 Japan earthquake (EQ) which occurred at sea proximate to the Tohoku area on the main island (Honshu) of Japan was an exceptionally huge plate-type EQ. A remarkable anomaly (with a decrease in the nighttime amplitude and also with enhancement in dispersion) was detected on March 5 and 6 along the propagation path from the NLK (Seattle, USA) transmitter to Chofu (together with Kochi and Kasugai). We also have observed the corresponding VLF anomaly during a prolonged period of March 1 -6, with minima in the nighttime amplitude on March 3 and 4 along the path from JJI (Miyazaki, Kyushu) to Kamchatka, Russia. This ionospheric perturbation has been discussed extensively with respect to its reliability. (1) How abnormal is this VLF/LF propagation anomaly? (2) What was the temporal evolution of terminator times? (3) Were there any solar-terrestrial effects (especially the effect from geomagnetic storms) on the VLF/LF propagation anomaly? (4) The effect of any other EQs and foreshock activities on the VLF/LF anomaly? (5) Were there any correlations with other related phenomena? Finally, (6) are there any other examples of a VLF/LF propagation anomaly for oceanic EQs? We then compared the temporal properties of ionospheric perturbations for this EQ with those of a huge number of inland EQs and compared the corresponding spatial scale with the former result of the same oceanic 2004 Sumatra EQ with nearly the same magnitude. Finally, the generation mechanism of those seismo-ionospheric perturbations is briefly discussed.
INTrOducTION
It has been recently shown that there exist electromagnetic precursors to earthquakes (EQs) (e.g., Hayakawa 1999 Hayakawa , 2009a Hayakawa and Molchanov 2002; Pulinets and Boyarchuk 2004; Molchanov and Hayakawa 2008; Uyeda et al. 2009; Hayakawa and Hobara 2010) . The observation of seismo-electromagnetic and related phenomena can be customarily classified into the two categories: (1) direct effects emitted from the lithosphere and received on the Earth's surface, and (2) the indirect effects of EQs which are the perturbations (or disturbances) taking place either in the atmosphere or in the ionosphere due to pre-EQ lithospheric activities. As for the first category, there are observed lithospheric emissions in a wide frequency range from DC (direct current)/ULF (ultra low frequency) to VHF or even higher. The first example is the DC geoelectric signals (Varotsos 2005) ; and, the second is ULF electromagnetic emissions which seem to be very promising for EQ prediction [e.g., see the reviews by Hayakawa et al. (2007) , Fraser-Smith (2009), and Kopytenko et al. (2009)] . As for the second category, there are several techniques to reveal pre-EQ atmospheric and ionospheric precursors, including satellite infrared sensors, vertical sounding of the ionosphere from the ground, GPS observation, in-situ plasma observation, etc. (e.g., Hayakawa 2012) and, probing by anomalous propagation of radio waves. The further reviews on the second category have been published regarding the atmospheric perturbations by Hayakawa (2009b) and on the ionospheric perturbations by Hayakawa (2009c) , Liu (2009), and Parrot (2009) .
Among different kinds of electromagnetic precursors mentioned above, the ionospheric perturbations which belong to the second category seem to be the most reliable because a substantial number of VLF/LF work have been accumulated including both cases and statistical studies [as summarized in Hayakawa (2009c) ] since the initial work by Gokhberg et al. (1989) and Gufeld et al. (1992) . Recently the lower ionospheric perturbation as detected by subionospheric VLF/LF propagation is shown to be statistically significantly correlated with EQs which take place within the wave sensitive area of the great-circle path and with magnitude tentatively greater than 6.0 and shallower depth (< 40 km) (Hayakawa et al. 2010a, b) . These papers were based on an abundant number of land EQs over seven years which lend a further support to our previous similar statistical studies although based upon a fewer number of events and over smaller time periods (Rozhnoi et al. 2004; Kasahara et al. 2008; Chakrabarti 2010) . The similar statistical correlation also has been obtained by Liu et al. (2006) between the upper ionosphere and EQs on the basis of vertical sounding from the ground and GPS TEC (Total electron contents) observation. Together the studies suggest that the ionosphere not only in the lower region but also is extremely sensitive to the pre-seismic activity in the F2 layer. A few possible mechanisms for seismo-ionospheric perturbations have already been proposed (e.g., Hayakawa et al. 2004; Pulinets and Boyarchuk 2004; Molchanov and Hayakawa 2008) but it is not well understood and which mechanism is dominant (Hayakawa et al. 2011) .
In parallel with the above-mentioned statistical studies, we are also interested in case studies for huge EQs because those case studies are of vital importance in investigating the detailed temporal/spatial characteristics of such seismoionospheric perturbations and also their relationship with corresponding lithospheric and atmospheric phenomena. Our former case studies include the (1) Kobe EQ (17 January 1995) (Hayakawa et al. 1996) , (2) Tokachi-oki EQ (25 September 2003) (Shvets et al. 2004; Cervone et al. 2006) , (3) Niigata-chuetsu EQ (23 October 2004) Yamauchi et al. 2007 ), (4) the 1999 Chi-chi EQ in Taiwan (Hayakawa et al. 2005) and, (5) the 2004 Sumatra EQ (Horie et al. 2007a, b) . The details of seismogenic effects for these EQs are summarized in our review by Hayakawa (2009c) . All of these EQs except the Tokachi-oki and Sumatra EQs were of the land-type EQs due to fault activity; thus, we are very familiar with the characteristics of seismoionospheric perturbations for land EQs together with the above-mentioned statistical studies (e.g., Hayakawa et al. 2010a, b) .
The 2011 Japan EQ was extremely huge with a magnitude of 9.0 and is also characterized by an oceanic EQ taking place in the Pacific Ocean due to plate movement leading to a premise for us to show whether the ionospheric perturbation is generated prior to this oceanic EQ and, if so, to compare the characteristics of seismo-ionospheric perturbation for this sea EQ with the former properties of many land EQs.
ThE 2011 TOhOku EQ
An extremely huge EQ (with magnitude of 9.0) occurred under the sea bed in the Pacific Ocean off the Tohoku area of Japan, which is formally named the EQ of the 2011 off the Pacific coast of Tohoku. This EQ took place at 14:46:18 LT on March 11, 2011 with its epicenter at the geographic coordinates (36°6.2'N, 142°51.6'E) as shown in Fig. 1 by a red star with its date and its depth of ~20 km. This EQ is a very typical oceanic EQ of the plate type around Japan which is very different from the extensively-studied fault-type EQs such as the Kobe EQ (Hayakawa et al. 1996) and the Niigata-chuetsu EQ Yamauchi et al. 2007 ).
VLF/LF SuBIONOSPhErIc NETwOrk
We established our Japanese and Pacific network for subionospheric VLF/LF propagation just after the 1995 Kobe EQ within the framework of the former NASDA's frontier project ). This network observation has been in continuous operation to date. The main observatories within Japan at the moment are (1) Moshiri (abbreviated as MSR) in Hokkaido, (2) Chofu (CHF) in Tokyo, (3) Kasugai (KSG) near Nagoya, (4) Kochi (KCH) on Shikoku island, and (5) Tsuyama (TYM), Okayama as shown by red stars in Fig. 1 , although TYM was not illustrated in the figure. Some additional observatories are planned to be built shortly. At each receiving station we normally detect simultaneously the signals from two Japanese transmitters with call signs of JJY (in Fukushima, 40 kHz) and JJI (in Miyazaki, Kyusyu, 22.2 kHz) as shown by blue diamonds in Fig. 1 and also a few foreign transmitters [i.e., NWC (North West Cape, Australia), NPM (Hawaii) and NLK (Seattle, USA)]. The details of this VLF/LF network and corresponding VLF receiving system can be found in Hayakawa et al. (2004 Hayakawa et al. ( , 2010a and Hayakawa (2009c) .
This subionospheric VLF/LF network has been extended to cover a wider area of the Pacific ocean, including one station in Russia, Petropavlovsk-Kamchatsky (PTK) shown as a green dot in Fig. 2 in collaboration with Russian colleagues (Uyeda et al. 2002; Molchanov and Hayakawa 2008) and another station in Taiwan (Hayakawa et al. 2010c) . Observations at PTK have been performed regularly resulting in significant scientific output (Rozhnoi et al. 2004 (Rozhnoi et al. , 2007 (Rozhnoi et al. , 2012a . The Russian group has recently established one more station, Yuzhno-Sakhalinsk (abbreviated as YSH and shown as a green dot in Fig. 2 ). These two stations are equipped with the same type of VLF/LF receiving system used at Japanese stations.
OBSErVATIONAL rESuLTS ANd ANALySIS METhOd
Figure 1 illustrates one path from JJY to MSR [and its corresponding 5 th Fresnel zone as the wave sensitive area (elliptic zone)] and the three paths from NLK (Seattle, USA) to Japanese VLF/LF observatories (CHF, KSG and KCH). Furthermore, the 5 th Fresnel zones for the propagation paths from NLK to CHF, KSG and KCH are plotted in thin black lines which are the wave sensitive areas for these paths and are much bigger than that for the path from JJY to MSR because the NLK-CHF propagation distance is much larger than that for JJY-MSR path. The wave sensitive area is defined in such a way that any EQs taking place within this area can result in a certain significant influence on the signal received at the observatory as a propagation anomaly (either in amplitude or in phase, or both). How to determine the width of an elliptic zone is described, for example, in Rozhnoi et al. (2012a) . As for the analysis method in this paper, we do not follow the terminator-time method as initially developed for the Kobe EQ (Hayakawa et al. 1996) , but apply an alternative way of "the nighttime fluctuation method" (Rozhnoi et al. 2004; Kasahara et al. 2008; Hayakawa et al. 2010a, b) in which we pay attention only to the nighttime amplitude data. Nighttime data are chosen in such a way that nighttime is well separated from terminator times. We first read the temporal evolution of amplitude A(t) at a current time t during the local nighttime on a particular day, while <A(t)> is estimated as the average amplitude at the same time t during the period from one day to 30 days before the current day. Then, we can estimate the residue dA(t) = A(t) -<A(t)>. Using this residue, we can estimate the most important parameter, trend as the nighttime average amplitude [mean value of dA(t) over local time]. The second parameter is dispersion which is characterized by how much the amplitude fluctuates around the average. These two parameters are independent variables. All of these parameters are normalized by their corresponding standard deviations (σ) over 30 th to the day before the current day of the event. Further details of this nighttime fluctuation method can be found in Kasahara et al. (2008) and Hayakawa et al. (2010a, b) .
As for the definition of a nighttime period, we take the UT period of UT = 11 -19 h for the propagation path from JJY to MSR because the LT in Japan = UT + 9 h. While the definition of nighttime is considerably complicated for the east-west long-distance propagation from NLK to Japanese stations (such as CHF) (distance = 7 -8 Mm). By considering the sunrise and sunset both at the transmitter and receiving observatory [that is, terminator times (Hayakawa et al. 1996) ] and also checking the real diurnal variations for the relevant NLK-CHF path, we have taken UT = 10 to 12 h for the nighttime for the NLK-CHF path (that is, only during this period the propagation path is completely in the dark). Figure 2 illustrates the relative location of the Japanese VLF/LF transmitters (JJY in Fukushima and JJI in Miyazaki) which can be seen in Fig. 1 as well and two Russian observatories, PTK and YSH. The wave sensitive areas for all combinations of transmitter-receiver, are also shown (i.e., JJY-YSH, JJY-PTK, JJI-YSH, and JJI-PTK), together with the locations of the main shock and aftershocks.
Next we have to discuss the nighttime interval for the Russian data because we use the same nighttime fluctuation method. The night in February is UT = 10:30 -18:40 and UT = 11:00 -16:30 for May. Correspondingly, the nighttime for March and April is within this interval; UT = 10:30 -11:00 for sunset and 16:30 -18:40 for sunrise. The data analysis for Russian data is exactly the same as the data analysis for Japanese data as mentioned above. The analysis period is taken from January 1 to May 22, 2011, including our target EQ on March 11. Figure 3 illustrates the temporal profiles of dA(t) for one particular path of NLK-CHF only on a few days [March 1 (Fig. 3a) , March 5 and 6 (Figs. 3b and c)]. In each panel, the top two curves are <A(t)> (smooth) and A(t) (variable); and, the bottom curve is the residue dA(t) [=A(t) -<A(t)>]. Also, the time interval, UT = 10 -12 h is indicated by two vertical lines, which is subjected to our analysis. It is clear from this figure that the propagation is perturbed on March 5 and 6 compared with the quiet day of March 1; the quantitative estimation will be presented later.
No Precursory Propagation Anomaly for JJy-MSr, JJy-ySh and JJI-ySh
Unlike the 2005 Miyagi-oki EQ (Muto et al. 2009 ), the epicenter of this 3.11 EQ was found to be located considerably distant from the JJY-MSR path wave sensitive area, because this EQ occurred ~150 km away from the coast line of the Tohoku area (Hayakawa et al. 2012) . In each panel the smooth one of the two top curves is <A(t)>. Another variable curve is the diurnal variation [A(t)] on the current day. Then, the bottom is the difference dA(t) [= A(t) -<A(t)>]. Also, the 2 hour between UT = 10 and 12 h is the period when the whole propagation path from the transmitter to the receiver is in complete darkness, which is subject to our analysis. Though not shown as a figure in this paper, we have found, in our latest paper (Hayakawa et al. 2012 ) based on our preliminary analysis that there is definitely no time interval from March 1 to March 9 before the EQ on the JJY-MSR path in which the trend shows a notable decrease together with the simultaneous increases in the dispersion as in the case of a tremendous number of land EQs.
Next we analyzed the propagation paths of JJY-YSH and JJI-YSH. The path of JJY-YSH is relatively close to the previous path of JJY-MSR as seen in Fig. 2 because the JJY-YSH path is likely to be just an extension of the JJY-MSR path. We have analyzed the paths of JJY-YSH and JJI-YSH, but we have not found any definite significant effects (no propagation anomalies) on these paths, though not presented as figures.
Significant Propagation Anomalies Associated with the Propagation Paths for the American transmitter NLk
Figure 1 suggests that the propagation paths from Japanese receiving stations (CHF, KSG, and KCH) to the American transmitter NLK (at Seattle, USA) are favorably located with respect to the epicenter of this oceanic EQ and is especially so for the NLK-CHF path is passing just above the EQ epicenter; the corresponding wave sensitive area for this NLK-CHF path is plotted in a thin line in Fig. 1 . Two other propagation paths from NLK to KSG and from NLK to KCH are also favorable for us to detect any corresponding ionospheric perturbations.
In response to these theoretical expectations, Figs. 4a -c illustrate the real temporal evolutions of propagation characteristics for these relevant paths; Fig. 4a refers to the NLK-CHF path, Fig. 4b , NLK-KSG path, and Fig. 4c , the NLK-KCH path. In Figs. 4a -c we have illustrated, from top to the bottom, the trend and dispersion, with these parameters being all normalized by their corresponding standard deviations (σ). Let us look at the top panel (on trend) of Fig. 4a for the most important propagation path from NLK to CHF during the period from January 1. We have found that the trend does not drop down to a -2σ level over the entire period, except on January 29 and an extremely significant propagation anomaly on the two days of March 5 and 6. The propagation anomaly on March 5 is characterized by a remarkable decrease in trend (exceeding -3σ or even approaching -4σ), together with the nearly simultaneous increases in the second parameter (dispersion) (approaching +2σ). The corresponding anomaly is also recognized in Fig. 4c for the propagation path from NLK to KCH. The anomaly for this path is rather evident in such a way that the most important parameter, trend exhibited a significant decrease reaching -2σ level. On the other hand, the anomaly for the path of NLK to KSG in Fig. 4b is less enhanced on the same days of March 5 and 6, but it is important to note that the response to this EQ is very evident.
Although as viewed from Fig. 1 that the NLK-KSG path is closer to the EQ epicenter than the NLK-KCH path. The anomaly intensity is not consistent with this situation. So that, it would be nice to see a dependence of the strength of anomaly on the distance. We tentatively define the distance of the propagation path to the EQ epicenter by the length from the EQ epicenter of a line perpendicular to each propagation path. The result of the anomaly effect versus distance (d) can be summarized as follows. As seen from Fig. 4 , d = 10 km (CHF-NLK) yields the anomaly of -3.8σ, -0.8σ for d ~116 km (KSG-NLK) and -2.0σ for d ~200 km (KCH-NLK). It is likely that the anomaly exceeding the -2σ criterion takes place for the distance (d) less than ~200 km.
Here we should comment on other propagation anomalies seen in Figs. 4a -c. In our recent paper (Hayakawa et al. 2010a) we have tentatively chosen an EQ magnitude threshold of M = 6 (only rather strong EQs) and we have obtained a quite significant correlation exceeding well beyond the 2σ criterion. However, even if we lower the magnitude threshold down to M = 5.5, we know that the correlation between VLF/LF anomalies and EQs is still significant, just around 2σ level (Rozhnoi et al. 2004; . Therefore, we try to associate other depletions in trends in Figs. 4a -c to EQs in the relevant region. First, we comment on the anomaly of January 29 in Fig. 4a . Probably in possible association with this anomaly, there happened to have occurred two EQs off the coast of Iwate (on February 3) and Fukushima (on February 10, M = 5.3). Further comments are required on other depletions in trend in Fig. 4c . The depletion on January 23 is likely to be related with an EQ off the coast of Chiba on January 25 (M = 5.1). Then, the depletions in trend on February 1 and 8 (exceeding -2σ level) are likely to be related to another EQ in Chiba-oki on February 5 (M = 5.2) and to an EQ in the Miyagi-oki on February 15 (M = 5.5), respectively. Finally, the depletion on February 5 in Fig. 4b is likely to be a precursor to an EQ in Fukushima-oki (M = 5.3).
clear Propagation Anomaly for the Propagation Path from JJI to PTk
Among the three Russian propagation paths, we have found a conspicuous effect only on the propagation path from JJI (Miyazaki, Kyushu) to PTK (Kamchatka). Figure 5 illustrates the temporal evolution of the nighttime average amplitude (trend) (top panel). The second panel refers to the conventional dispersion and the bottom [what] indicates the evolution of the EQs with a magnitude greater than 5.5. In the top panel, horizontal dotted lines indicate the 2σ and -2σ levels. In the middle panel of dispersion, the +2σ line is again plotted as a horizontal dotted line. Figure 5 shows that a significant and prolonged decrease in nighttime amplitude takes place during a rather long period from February 28 to March 6 on the path from JJI to PTK with a maximum depletion on March 3 and 4. The corresponding increases in dispersion are simultaneously observed during the same prolonged period with the maximum on March 3 and 4. The dates with VLF/LF propagation anomaly on the Russian path are shifted somewhat compared with that for the NLK-CHF path in Fig. 4 ; but, the anomaly on this propagation path is considered to be the same one for the previous propagation path of NLK-CHF because we know that there exists some inhomogeneity in the time and space of the ionospheric perturbation (e.g., Yamauchi et al. 2007 ).
Finally, we comment on the last Russian path, JJY-PTK. The wave sensitive area for this propagation path is seen from Fig. 2 to be completely within the wave sensitive area of the above-mentioned JJI-PTK path with significant anomalies. Though not shown as a figure, it is found that the trend shows a significant decrease on March 4, but not exceeding -2σ, but approximately -1.5σ. Finally,an anomaly is observed for this path as well on March 4, but this nature is indicative of highly heterogeneous property of the ionospheric perturbation. 
SuMMAry ANd dIScuSSION
By making full use of the Japanese-Russian subionospheric VLF/LF network, the following observational facts have emerged in possible relation to the March 11, 2011 3.11 Japan EQ.
(1) No definite anomaly has been detected for the three propagation paths of JJY-MSR, JJY-YSH and JJI-YSH. (2) On the other hand, clear and significant propagation anomalies have been observed for the two propagation paths of the NLK-Japanese stations (CHF, KSG and KCH) and JJI-PTK. The propagation anomaly for the path NLK-CHF takes place on March 5 and 6, which is characterized by a significant decrease in trend (nighttime average amplitude) well exceeding the -3σ level, together with the simultaneous increases in dispersion. While, the anomaly on the path of JJI-PTK shows a broad depletion from February 28 to March 6, with maximum depletions on March 3 and 4, which is also characterized by a significant decrease in tend and an increase in dispersion. So, the remarkable ionospheric perturbation is likely to be persistent, at least, for 4 days (March 3 -6).
Here we try to convince the readers that our anomalous changes in VLF/LF propagation summarized above would be highly likely to be related with the 3.11 EQ. The following points will be discussed. (1) How exceptional is this VLF/LF propagation anomaly (the significance of the use of conventional standard deviation)? (2) How about the temporal evolution of terminator times (any significant change in terminator-times)? (3) Any solar-terrestrial effects (especially the effect of geomagnetic storms) on the VLF/LF propagation anomaly? (4) The effects of any other EQs and foreshock activities on the VLF anomaly? (5) Any correlation of the present anomaly with other related phenomena? and (6) any other examples of VLF/LF propagation anomaly for oceanic EQs?
(1) how Abnormal is This VLF Propagation Anomaly?
When looking at the temporal evolutions of VLF/LF propagation parameters (trend and dispersion) in Figs. 4a, b , and c, one is suspicious about the use of standard deviation (σ) when the distribution of trend values is not Gaussian. Figure 6 illustrates the distributions of occurrence numbers of (a) trend values and (b) dispersion (in Fig. 3 ) during the period from the beginning of October, 2010 to the end of March, 2011. As you can see from this figure, the values of trends and dispersions are found to approximately follow a Gaussian distribution. This means that the usual conversion between the number of σ and probability is acceptable. Hence, the value of trend of our anomaly exceeding -3σ or even approaching -4σ level is extremely exceptional.
(2) how Are the Temporal Evolution of TerminatorTimes?
There is another analysis method for VLF/LF propagation data, the terminator time method by Hayakawa et al. (1996) as mentioned before. This method is known to be of extreme importance mainly for short-distance (1 -2 Mm or so) subionospheric VLF/LF propagation paths.that this method has been used extensively for the studies of VLF/LF anomalies for propagation paths within Japan. Though the propagation distance for our case of NLK-CHF propagation path is moderate on the order of 7.7 Mm, we have checked the temporal evolution of the terminator time (morning) because it was difficult to read the evening terminator time.
As the result, we have unfortunately found no significant change in the morning terminator time before the EQ. This terminator time method was not so useful to find out any seismo-ionospheric effect for moderate distance propagation paths such as NLK-CHF which is in good agreement with the previous conclusion by .
(3) Any Solar-Terrestrial Effects (Especially the Effect of Geomagnetic Storms) on Our VLF Propagation Anomaly?
The most important point when claiming our VLF/ LF propagation anomaly is likely to be associated with the huge EQ is the investigation of solar-terrestrial effects during the relevant time period. The solar activity as estimated by a F10.7 radio flux has grown two fold (from nearly 80 to nearly 160) over 10 days reaching its maximum on March 8 (though not shown as a graph) which might lead to a tremendous increase of electron density in the daytime ionosphere. Of course, the nighttime electron density we are looking at is also influenced by the daytime condition, so that it might result in the corresponding effect even at night. Our data analysis is based only on nighttime data such that we think that the effect of these solar activities would have some effect on the nighttime data. We have checked the original raw VLF/LF data for a period of February and March, 2011. However, we have not found any significant change even in the daytime VLF/LF amplitude which means the solar-flux increase before March 8 had no effect even on the subionospheric VLF/LF data.
Next, the most profound effect might be geomagnetic storms which we will discuss here. We show our previous extensive study on the effect of geomagnetic storms on VLF/LF propagation (amplitude and phase) (Rozhnoi et al. 2004 (Rozhnoi et al. , 2012a . The geomagnetic activity (Dst) is divided into certain intervals and the number of days with Dst in every interval was calculated (this is N). Then in every interval among the chosen days we selected days with the average dA exceeds the 2σ level (Ni). The ratio of Ni/N is considered to be the sensitivity of VLF/LF signal amplitude to the geomagnetic activity, Dst. They show that the correlation of VLF amplitude with Dst seems to exist. However, the correlation is not so high, so that there exists even a situation that a strong magnetic storm ( Dst = 200 nT) is accompanied by a small effect, while a rather moderate ( Dst = 40 nT) storm induces a large anomaly. So that, the best way is to check the raw data carefully. Figure 7 illustrates the temporal evolution of geomagnetic activity (Dst) in February and March 2011. You can notice two moderate geomagnetic storms: one commencing on March 1 (and ending at 21 h UT on March 2) and another commencing on March 10, 2011 (ending UT = 3 h on March 12). We have also plotted schematically the temporal evolution of our VLF/LF propagation anomaly in the same figure  (Fig. 7c) . As you can see from a simple comparison of both, our VLF anomaly is located fortunately during a period of low geomagnetic activity, so that the effect of geomagnetic activity on VLF is likely to be extremely small, even though it may be impossible to filter out non-seismic effect completely. However, we have checked the raw original VLF/ LF waveform data in order to find any geomagnetic effect. As suggested by Rozhnoi et al. (2012a) , we have found a bay-type anomaly in VLF amplitude at night on March 1, Fig. 7. (a) is the result of GPS/TEC variation (after Ouzounov et al. 2012) , (b) is the temporal evolution of geomagnetic activity (Dst) before the EQ, and (c) is our VLF/LF result, indicating the temporal evolution of a combination of NLK-CHF (in grey) and JJI-PTK (in red) anomalies. which is probably the consequence of the storm on the same day. No such an anomaly has been observed until the date of EQ. On the other hand, our VLF/LF anomalies on March 5 and 6 are characterized by a prolonged decrease in amplitude during and around the whole night, which are completely different in properties from the geomagnetic-associated bay-like disturbances.
(4) The Effect of Any other EQs and Foreshock Activities on the VLF Anomaly?
The effect of any other EQs over the propagation path is investigated. Initially we checked the presence of other EQs over the whole region of the relatively long propagation path of NLK-CHF (and KSG and KCH), but we did not find any significant EQs except the 3.11 Japan EQ. The same survey has been done for the propagation path of JJI-PTK, but no other EQs were found to be associated with our VLF anomaly.
The collation of Russian with Japanese data has enabled us to locate the region of our VLF anomaly, which would be a strong support for our VLF anomaly to be highly likely to be related with the 3.11 EQ.
How about the effect of foreshock activity in the relevant EQ region? Seismic activity, including the M 5.5 event, started one month before the main shock and continued for two weeks in an adjacent area 50km northeast of the main shock epicenter (Hirose et al. 2011) . Furthermore, the largest foreshock of M 7.3 (March 9) occurred in the same area two days before the M9 main shock (Hirose et al. 2011) . These EQs were interplate EQs like the main shock because the focal mechanisms determined also indicate a reverse fault type, the same as the main shock. As can be seen from Fig. 4a , there is a period just around the end of February to early March, for which the trend shows a tendency of prolonged depletion. This phenomenon might be associated with foreshock activities. In order to enhance the reliability of our VLF/LF anomaly, we try to compare our VLF anomaly with any other atmospheric and ionospheric phenomena. Ouzounov et al. (2012) studied the upper ionospheric electron density using GPS/TEC (Total electron contents) methods. They found a significant anomaly, an increase in electron content on March 8 and the same tendency for a few days before this date which they attribute to a seismogenic origin. This is also plotted in Fig. 7a as well. The approximate coincidence in time of the GPS/TEC anomaly with our VLF anomaly might indicate that the ionosphere seems to be disturbed as a pre-EQ effect not only in the lower ionosphere, but also in the upper ionosphere.
(6) Any Other Examples of VLF/LF Propagation Anomaly for Oceanic EQs
Though we have a huge number of VLF/LF anomaly events for inland (or fault-related) EQs Kasahara et al. 2008; Hayakawa et al. 2010a, b) , the number of events for oceanic (or plate-type ) EQs is not so abundant, but we can list few events. One of the most typical example of oceanic EQs is the 2004 Sumatra EQ (Horie et al. 2007a, b) and, the nighttime fluctuation method as used in this paper was found to be effective in finding out seismo-ionospheric perturbations even though the EQ epicenter is far (~2000 km) from the propagation path from the Australian NWC transmitter to Japanese stations Further examples for seismo-ionospheric perturbations for oceanic EQs in the Asian region have been obtained from the same propagation paths from the NWC transmitter to Japanese stations (propagation distance = 6 -8 Mm nearly close to the distance of NLK-CHF path) (Kasahara et al. 2010) . They have analyzed five huge oceanic EQs (with a magnitude greater than 6.0). Among the five events, they have found that the trend exhibits a significant decrease (exceeding -3σ) at KCH (Kochi), a decrease exceeding -2σ at CHF for a major EQ with M = 7.3 (depth = 30 km) nearly along the great-circle. This anomaly is known to take place again one to two weeks before the EQ. The duration is considerably long, on the order of a week.
Recently we have added one more example for a huge sea EQ (the Simushur EQ in the Kurile Islands on November 15, 2006, M = 8.3) (Rozhnoi et al. 2012b ). This EQ is similar to the present 3.11 EQ, in the sense that the EQ is an oceanic plate-type EQ and also the EQ magnitude is large, 8.3. We have used the same nighttime fluctuation method and, we have found significant anomalies on the two paths; JJI-PTK (as shown in Fig. 2 ) and NWC (Australia)-PTK. The VLF/LF anomalies start about two weeks before the main shock as a decrease in trend and continue during the aftershock activity.
Since it is likely that the anomaly in the VLF propagation on March 3 -6 [Point (2)] may be associated with the 3.11 EQ, we will discuss the properties of those VLF anomalies, and their temporal and spatial characteristics. As summarized as Point (2), the conspicuous anomaly in VLF propagation (especially two perturbed paths NLK-CHF and JJI-PTK) is characterized by a significant decrease in trend and a simultaneous enhancement in dispersion for this oceanic EQ. Though this EQ is an exceptionally huge oceanic EQ with the plate-type just around Japan, these properties are found to be exactly the same as those for a huge number of land EQs we worked extensively for years (e.g., Hayakawa 2009c; Hayakawa et al. 2010a) . The anomaly on the NLK-CHF path is very conspicuous in the sense that the trend as the nighttime average amplitude shows a remarkable depletion exceeding -3σ (or even more) on March 5 and 6, and also the corresponding anomaly is seen on the path of JJI-PTK on March 3 and 4, with the corresponding decrease in trend below -2σ. A slight shift in the temporal response for different paths is not so meaningful, probably because of the different spatial and temporal changes within the ionospheric disturbance. The lead time of our VLF/LF propagation anomaly is estimated to be 8 -5 days. The mean is about 7 days. This value also seems to be very consistent with that for the inland EQs (Hayakawa et al. 2010a ).
Finally, we will repeat that the characteristics of propagation anomaly are nearly the same for both oceanic and inland EQs, including the depression in trend, together with enhancement in dispersion, and the lead time.
Then we will discuss the spatial characteristies of the seismo-ionospheric perturbation. As is summarized by Point (1), the path of JJI-YSH is very far away from the EQ epicenter, so that it is easy for us to consider theoretically that there might be no expected anomaly. The wave sensitive areas of two unperturbed paths of JJY to MSR and JJY to YSH are not found to cover the EQ epicenter, which is a possible reason why we have not observed any significant propagation anomalies for these two paths (JJY-MSR and JJY-YSH). In good correspondence with this expectation, Point (2) indicates that the EQ epicenter is well located inside the wave sensitive areas of the two paths of NLK-CHF (and KSG and KCH) and JJI-PTK such that we have detected clear significant propagation anomalies on these two paths. We have drawn the possible region of ionospheric perturbations in Fig. 8 as estimated by the overlapping of disturbed propagation paths, in which it is quite uncertain how farther the north-east boundary of the perturbed region is extended. Anyway the spatial scale of the ionospheric perturbation for the 3.11 Japan EQ is extremely small of the order of ≥ 1 Mm in diameter or so. This value seems to be relatively small even as compared with the spatial scale for the 1995 Kobe EQ (with M = 7.2). If we use the empirical or theoretical formula of the perturbation scale in relation to EQ magnitude (Dobrovolsky et al. 1979; Ruzhin and Depueva 1996) , the present spatial scale would correspond to M ~6.4, surprisingly small as compared with the real magnitude. Now we compare this spatial scale with that for the 2004 Sumatra EQ with nearly the same magnitude as this 3.11 EQ. Based on the ground-based observations in Japan (Horie et al. 2007a, b) for the propagation paths associated with the Australian NWC transmitter and also the Fig. 8 . Illustration of the possible suggested region of the precursory seismo-ionospheric perturbation for the 3.11 EQ as inferred from a combination of propagation characteristics of all propagation paths we have studied. However, the north-east extension is quite uncertain. satellite observation of whistler-mode signals from the same transmitter (Molchanov et al. 2006) . We have found that the radius of the ionospheric perturbation is on the order of 2.5 Mm for the Sumatra EQ. Hence the radius for this Japan EQ is extremely small as compared with that for the 2004 Sumatra EQ. The Sumatra EQ is also an oceanic EQ of the plate type, the same type as the 3.11 Tohoku EQ, but the most important difference between the two is that the Sumatra EQ happened very close to the land area of Indonesia, whereas the Tohoku EQ happened far away (~150 km) from the coast line and happened exactly in the sea.
As shown in Fig. 8 , the spatial shape of the seismoperturbation in the lower ionosphere is found to be structured very parallel to the Japan land area, or it seems to be structured closely along the rupture region of this EQ. In fact, the aftershock activity covered a wide range of 500 km (in NS direction) and 200 km (in EW direction) (Hirose et al. 2011) , and the perturbed ionospheric region in Fig. 8 is likely to overlap with those rupture (or aftershocks) regions.
Finally, we comment on the generation mechanism on why and how the ionospheric perturbation is formed due to the pre-EQ activity (Hayakawa et al. 2010a) . There a few plausible hypotheses have been proposed: (1) chemical (+ electric field) channel (e.g., Pulinets and Boyarchuk 2004; Sorokin et al. 2006) , (2) atmospheric oscillation channel (e.g., Molchanov et al. 2001; Miyaki et al. 2002; Hayakawa et al. 2004 Hayakawa et al. , 2011 Molchanov and Hayakawa 2008) and (3) electrostatic channel due to positive hole carriers (Freund 2009 ).
It is not perfectly established which mechanism is dominant, though we are in a position in favor to support the second hypothesis (Hayakawa et al. 2011 ). According to a recent DEMETER paper by Parrot (2012) on the statistical analysis of the ion density of the ionosphere, he has found that there are more perturbations for EQs with their epicenter below the sea and also that the intensity of perturbations is more enhanced for sea EQs than for inland EQs. Our propagation path of NLK-CHF is about 7.7 Mm unlike the short path (1 -2 Mm) within Japan, so that the perturbed region is only a small fraction of the whole propagation path. Even in this situation, we have detected an exceptionally large depletion in amplitude (trend) exceeding -3σ ~ -4σ. This may suggest that the degree of perturbation (e.g., a large amount of lowering of the lowest ionosphere as compared with the conventional value) might be tremendous for sea EQs, which seems to be consistent with Parrot's (2012) result. Of course, the detailed computational work is highly required to prove this. Then, our spatial scale cannot be compared with the satellite result because no information on the spatial scale is obtained by Parrot (2012) . No matter which mechanism (either chemical, atmospheric oscillation or electrostatic channel) is operating for the generation of seismo-ionospheric perturbation, we think that the ground is more important than the sea in the sense of generating the electric field in the first and third channels or exciting the atmospheric oscillations in the second channel. However, Fig. 8 suggests that the ionospheric perturbation is seen mainly over the sea which would oblige us to perform further extensive study (either experimentally or theoretically) to explain the ionospheric characteristics for this oceanic EQ in the sense of comparing with those of land EQs.
